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Abstract
Common optical fibers are randomly birefringent, and solitons formatting and
traveling in them are randomly polarized. However, it is desirable to have solitons
with a well-defined polarization. With pump relatively long pulses, the nonlinear
effects of modulation instability (MI) and stimulated Raman scattering (SRS) are
dominant at the initial stage of the process of supercontinuum (SC) generation;
modulation instability results in pulse breakup and formation of short pulses that
evolve finally to a bunch of solitons and dispersive waves. We do the research of the
polarization of solitons formed by the pulse breakup process by the effect of modu-
lation instability with pump pulses of nanoseconds in standard fiber (SMF-28) with
circular birefringence introduced by fiber twist, and the twisted fiber mitigates the
random linear birefringence. In this work, we found that polarization ellipticity of
solitons is distributed randomly; nevertheless, the average polarization ellipticity is
closer to the circular than the polarization ellipticity of the input pulse. In the exper-
imental setup. 200 m of SMF-28 fiber twisted by 6 turns/m was used. We used 1 ns
pulse to pump the fiber. The results showed that at circular polarization of the input
pulse solitons at the fiber output have polarizations close to the circular, while in the
fiber without twist, the soliton polarization was random.
Keywords: fiber optic, nonlinear optics, pulse propagation and temporal solitons,
birefringence and polarization, stimulated Raman scattering
1. Introduction
One of the important mechanisms for the generation of supercontinuum (SC) is
the formation of solitons by the nonlinear effect of modulation instability. One
feature of the common optical fibers is that they are randomly birefringent, and
therefore the generation of solitons and the transition of them by these fibers gener-
ated by the nonlinear effects are randomly polarized. Solitons with a well-defined
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polarization are necessary for some applications like supercontinuum generation. The
propagation of a pulse in a low birefringence fiber using coupled nonlinear
Schrödinger equations was considered in [1–3]. In these works, the investigation
concludes that the fractional pulses in each of the two polarizations trap each other
and move together as one unit which is called a vector soliton. The frequency of each
pulse is shifted to compensate the difference in group velocities caused by birefrin-
gence. It has been reported the experimental observation of vector solitons [4]. The
vector solitons have attracted more attention in applications with linearly birefrin-
gent fibers. For the case of fibers with circular birefringence, a special case is when
circular birefringence is induced when the fibers are twisted. These twisted fibers can
present special advantages for some laser applications. The especial characteristic of
twisted fiber is that it induces circular birefringence and eliminates the random linear
birefringence [5]. An important consequence of this result is that twisted fiber is less
sensitive to environmental conditions and with this we can find new useful features
for nonlinear applications [6]. This helps us make the twisted fiber less sensitive to
environmental conditions and provides new useful features for nonlinear applications
[6]. In [7], it has been analyzed the polarization behavior of vector solitons in a
circularly birefringent fiber. In this work, for analysis, we used the two coupled
propagation equations in a circularly birefringent fiber that include self-phase modu-
lation, cross phase modulation, and the soliton self-frequency shift [8]. We consider
the polarization dependence of the Raman amplification unlike the previously
published works [9]. We work on the equations to make a transformation to reduce
them to a form of perturbed Manakov task. For our case, the equations were consid-
ered as a perturbation unlike the Manakov integrable case. For the case of the
perturbation method, we can get the equations for the analysis of the development of
evolution of the polarization state of pulses. An important result when analyzing the
equations shows that for circularly birefringent fiber (twisted fiber), the cross-
polarization Raman term leads to unidirectional energy transfer from the slow circu-
larly polarized component to the fast one. The product of the birefringence and the
amplitudes of both polarization components determine the importance of this effect.
From all of the above, we can conclude that solitons with any initial polarization state
will eventually develop circularly stable polarized solitons.
The split-step Fourier method was used for the numerical analysis of the two
coupled nonlinear Schrödinger equations. The parameters of a standard fiber
(SMF-28) were used with delay between left- and right-circular polarizations of
1 ps/km that corresponds to circular birefringence in a twisted fiber by 6 turns/m.
Furthermore, by the numerical analysis, it is possible to analyze the polarization of
solitons generated by the modulation instability effect. An input pulse of 30 ps with
40W of power was used with a noise imposed which was launched to the fiber input.
The input pulses had different polarization ellipticity from circular to linear. From the
results, it was found that polarization ellipticity of solitons does not coincide with the
polarization of the input pulses. An important result that was also found is that
polarization ellipticity of solitons is distributed randomly, but the average polariza-
tion ellipticity is mostly circular compared to polarization ellipticity of the input
pulse. In the experimental and numerical analysis, SMF-28 standard fiber twisted
with 60 y 200 m of length with a pump pulse of 1–10 ns in a wavelength of about
1550 nmwas used. The output signal at the fiber end is separated in circular-right and
circular-left polarization. The ellipticity of the pulses is calculated with the ratio
between the output pulses. The experimental results show that circularly polarized
pulses in a fiber with circular birefringence (twisted fiber) are promising for the
generation of supercontinuum with stable polarization and confirm the principal
conclusions of the modeling propose in [8]; the polarization properties of
supercontinuum are also an important issue for application [9–13].
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2. Equations to analyze
The equations that describe self-frequency shift of picosecond pulses with linear
polarization can be written as follows [14]:
∂zAx ¼ iγ TR∂T Axj j2
h i
Ax (1)
the terms Ax, γ, and TR in Eq. (1) are the envelope of the pulse with linear
polarization on the x-axis, the nonlinearity, and the Raman response time, respec-
tively. If the pulse has elliptical polarization, two polarization components have to be
included if the input pulse has elliptical polarization, for this case the nonlinear effect
of self-frequency shift is considered as dependent on the sum of the powers of the
orthogonal components [9]. From the above, it can be said that the value of the
parallel Raman gain is equal to the orthogonal Raman gain; the parallel Raman gain is
when the pump and Stokes have the same linear polarization, and the orthogonal
Raman gain is when the pump and Stokes are polarized orthogonally. The experi-
mental results show that the Raman gain caused by the perpendicular component has
a value of 0.3 of the Raman gain for parallel component for a small Stokes shift [15].
For this reason, we used the following equations for the self-frequency shift effect:
∂zAx ¼ iγ TR∂T Axj j2
h i
Ax þ iαγ TR∂T Ay
 2h iAx (2)
∂zAx ¼ iγ TR∂T Axj j2
h i
Ax þ iαγ TR∂T Ay
 2h iAx (3)
here α ¼ α⊥=α∥, where α⊥ and α∥ denote, respectively, the perpendicular and
parallel Raman gains.
Using circularly polarized components, we can obtain the equation for the
right- and left-circularly polarized state as follows:
∂zAþ ¼ iγTR2
1þ α
2
∂t Aþj j2 þ Aj j2
 
Aþ þ 1 αð Þ∂t Re AþA∗
  
A
	 

(4)
∂zA ¼ iγTR2
1þ α
2
∂t Aþj j2 þ Aj j2
 
A þ 1 αð Þ∂t Re AþA∗
  
Aþ
	 

(5)
Eqs. (4) and (5) are the coupling equations describing the self-frequency shift.
Adding group velocity dispersion (GVD) and walk-off between circularly polarized
components, self-phase modulation (SPM), and cross-phase modulation (XPM)
terms to these equations, we have coupling equations that we analyzed analytically
and numerically:
∂zAþ þ β1∂tAþ þ
iβ2
2
∂tAþ ¼ 2iγ3 Aþj j
2 þ 2 Aj j2
 
Aþ
 iγTR
2
1þ α
2
∂t Aþj j2 þ Aj j2
 
Aþ þ 1 αð Þ∂t Re AþA∗
  
A
	 
 (6)
∂zA  β1∂tA þ
iβ2
2
∂tA ¼ 2iγ3 Aj j
2 þ 2 Aþj j2
 
A
 iγTR
2
1þ α
2
∂t Aþj j2 þ Aj j2
 
A þ 1 αð Þ∂t Re AþA∗
  
Aþ
	 
 (7)
To describe the above equations, the last two terms on the left side are the
effects of Walk-off and Group Velocity Dispersion (GVD) respectively, the terms
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in parenthesis of right side are the effects of Self Phase Modulation (SPM) and Cross
Phase Modulation (XPM), and finally the terms in key of right side are the Stimu-
lated Raman Scattering effect.
The vector soliton can be approximated by the next equations (not taking into
account phases),
Aþ zð Þj j ¼ Acos θð Þsech A t t0ð Þ=
ffiffiffiffiffiffiffi
β2j j
ph 
, (8)
A zð Þj j ¼ Acos θð Þsech A t t0ð Þ=
ffiffiffiffiffiffiffi
β2j j
ph 
: (9)
And finally applying the perturbation method [16] to Eqs. (6) and (7), we can
define the ratio between powers of circularly left- and right-polarized components
as follows [7]:
A zð Þj j
Aþ zð Þj j ¼ tan θ 0ð Þð Þ exp
2 1 αð Þ
3
γA2
TRβ1
β2j j
z
 
: (10)
From Eq. (10), we can see that the change of the polarization ellipticity of the
vector soliton along the fiber may occur only in the presence of circular birefrin-
gence (twisted fiber, β1 is not equal to 0).
3. Numerical results
The split-step Fourier method is used for solving Eqs. (6) and (7) [14]. The
values of using parameters are the following: β1 = 1, β1 = 1 ps/km; β1 = 0;
β2 = 25 ps2/km, α = 0.3, γ = 1.6 1/(W-km), TR = 3 fs. The value of β1 = 1 corre-
sponds to the twisted fiber with 6 turns/m. The meaning of the change of the sign of
the constant β is for representing the change of the twist direction. For simulations,
the 30 ps input pulse with 40 W power in the input fiber was used, and the
Gaussian noise was added on the pulse. Modulation instability (MI) effect breaks up
the pulse generating a set of solitons; the highest soliton were traced in this set [8].
When a linearly polarized pulse is introduced to the fiber input, we can see the
influence of the walk-off effect between circularly right- and left-polarized compo-
nents on ellipticity, see Figure 1. The fiber optic length used varies from 1 to 1.5 km.
The results for the simulations are present in Figure 1, the result for β1 = 1 is shown
by open circles, for β1 = 1 is shown by closed circles, and for β1 = 0 is shown by
squared. The important result for the dependence of polarization behavior can be
observed clearly. The polarization behavior with β1 = 1, but in this special case, we
consider α = 1, that is, the parallel Raman gain is equal to the perpendicular, α = 1,
see Figure 2. It can be seen that in this case, the effect of the ellipticity change of the
soliton along the fiber is not presented. The results obtained are based on Eq. (10),
and these results show that some ellipticity change must be presented on the
circular birefringence and difference between Raman parallel and perpendicular
gain. It can be observed that the ellipticity of the highest soliton does not coincide
with the ellipticity of the input pulse (there is an exception for the case where
β1 = 0).
For the special case when using elliptical input polarization, the results show a
similar behavior of the polarization ellipticity to make the energy transform from
the slow to fast circularly polarized component. With these results, it can be said
that the soliton with a fast circular polarization component propagates in the fiber
with stable polarization. From the case of Eq. (10), we can say that this equation
describes the polarization evolution of the soliton, but it is not applicable for
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development of the process of the soliton formation. As we can see from the
previous results, the polarization of the soliton at the end of the soliton formation
process does not coincide with the polarization of the input pulse. The process of
generation of solitons by the effect of modulation instability is complex, and the
stochastic process depends on the noise. It was calculated by the ellipticity of
solitons generated in the process of the effect of modulation instability for different
noise imposed on the input pulse. The ellipticity of the highest solitons was found to
be randomly distributed. In Figure 3, the number of solitons that were generated
with different ellipticity when linearly polarized input pulse was used is showed;
the total of number of calculation was 150. As you can see, the polarizations of
solitons are mostly concentrated close to the linear one; however, solitons with a
wide range of the polarization ellipticity can also appear. Figure 3 shows that the
Figure 2.
Ellipticity vs. fiber length for linear input pulse, particularly for the case when parallel Raman gain is equal to
perpendicular Raman gain.
Figure 1.
Ellipticity vs. fiber length for a soliton with linearly polarized pulse at the entrance for β1 = 1 (closed circles),
β1 = 1 (open circles), and β1 = 0 (squared).
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average polarization ellipticity of solitons is 0.02. The maximum ellipticity found
in this set of calculations was 0.3.
The distribution of polarization of solitons when the input pulse has ellipticity of
0.82 is showed in Figure 4. From Figure 4, it can be observed that the average
soliton polarization moves toward circular polarization. For the case when the
polarization of the input pulse is close to the circular polarization, the dispersion of
the polarization ellipticity of solitons becomes much less, see Figure 5. For Figure 5,
the polarization ellipticity of the input pulse used was equal to 0.906 and 0.906. It
Figure 3.
The number of solitons with different ellipticity generated by the effect of modulation instability at linear
polarization of the input pulse.
Figure 4.
The number of solitons with different ellipticity generated by modulation instability at polarization of the input
pulse of 0.82 and 0.82.
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can be seen that most of the solitons have the ellipticity closer to the circular
polarization than the input pulse. Average ellipticity of solitons in this case was
found to be about 0.95.
4. Experimental setup
In Figure 6, the experimental setup is showed. For the source of signal, a
continuous wave distributed feedback semiconductor laser with a wavelength of
1550 nm was used. The continuous wave signal was gated and amplified by the
erbium doped fiber amplifier (EDFA) from which you can get pulses with 1–10 ns
duration and a maximum peak power of about 150 W. To assure the stable polari-
zation state, the pulses from the EDFA pass through a polarization controller (PC)
and a polarizer. With the rotation of quarter wave retarder (QWR1), we can change
the polarization ellipticity to be able to control the input polarization on the fiber.
The output of the fiber under the test (twisted fiber) is connected to a quarter wave
retarder (QWR2) and polarization beam splitter (PBS). The QWR2 and PSB convert
the right and left circularly polarized component at the output fiber to orthogonally
polarized linear components at the output PBS. The output of PSB (linearly polar-
ized component) is separated in time by a delay line (10 m of SMF-28 fiber), and
they come together using a 50/50 coupler to launch the same monochromator input.
The output pulses are detected and monitored by an oscilloscope. A typical
Figure 5.
The number of solitons with different ellipticity generated by modulation instability at polarization of the input
pulse of 0.906 and 0.906.
Figure 6.
Experimental setup.
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oscilloscope trace is shown in Figure 7. The first pulse is that traveling from a port 1
of the polarization beam splitter, and second pulse travels from a port 2 of the
polarization beam splitter through the delay line (10 m of SMF-28 fiber). With this
experimental setup, we can measure the amplitudes of left and right circularly
polarized component at any wavelength using one single shot in the oscilloscope
[17]. The ellipticity is calculated using the next equation:
ρ ¼ tan 1
ffiffiffiffiffiffi
Pþ
p  ffiffiffiffiffiffiPpffiffiffiffiffiffi
Pþ
p þ ffiffiffiffiffiffiPp
 
(11)
where P+ and P are the pulse amplitudes at the monochromator output. A
disadvantage of this method is that we measure the average ellipticity of the bundle
of solitons.
We used span of SMF-28 fiber with different lengths, twisted, and without twist.
To calibrate the ellipticity measurement system, the ellipticity was measured at the
polarizer output. The results of measurements are presented in Figure 8. The angle
0 on the position of the QWR1 corresponds to linearly polarized signal at the QWR1
output. Taken into account that the ellipticity of the signal at the QWR1 output is
equal to the angle of the rotation of QWR1 in the range 45° + 45° [18]. The
maximum ellipticity measured was 35°. At this ellipticity, 97% of the power is in one
circularly polarized component and only 3% is in orthogonal component. In our
setup, the measurement of the higher ellipticity is restricted by the possibility of the
measurement of low power pulse. In the experiment, it was used 1-ns pump pulse
with a maximum power of 150 W and a wavelength of 1550 nm. Linearly polarized
pump pulses passed through QWR1. The angle of QWR1 defined the polarization
state of the input pulse that is launched to the fiber. In the experiment, the span of
SMF-28 fibers was used with lengths of 65 and 218 m. The fibers under the test were
twisted with a twist of 6 turn/m and they were put on the cylinder with diameters
of 25 and 50 cm. From the experimental results, it can be observed that both fibers
conserved the polarization ellipticity along the fiber at low powers. Figure 8 shows
the ellipticity of the low power continuous wave (CW) radiation at the output of
Figure 7.
A typical oscilloscope trace.
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the 65-m SMF-28 fiber. It can be observed that the dependence is the same as the
dependence of the ellipticity on the QWR1 angle at the fiber input.
Next step was the measurements of the ellipticity at the fiber output at low
power. These measurements show the effect of residual linear birefringence in the
fiber. In Figure 9, we show the ellipticity at the output of the 218-m fiber without
twist. As another example, Figure 10 shows the ellipticity at the output of the 218-
m twisted fiber wounded on the cylinder with a diameter of 25 cm (squares);
Figure 10 shows the ellipticity at the output of the same fiber however wounded on
the cylinder with a diameter of 50 cm (circles). Figure 10 (for fiber wounded on the
Figure 8.
Ellipticity at the QWR1 output measured by our setup.
Figure 9.
The ellipticity at the output of the 218-m fiber without twist.
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cylinder with a diameter of 50 cm) shows the ellipticity at the fiber output is the
same as at the fiber input. It means that there is no effect of linear birefringence.
However, for the 25-cm diameter cylinder, the effect of the linear birefringence can
be clearly seen.
When the pulses with the power of 150 W were launched to the input fiber, the
pulse breakup occurred followed by the soliton formation and soliton self-
frequency shift; see Figure 11. The polarization ellipticity was measured at the
output of the 218-m twisted fiber on the 50-cm cylinder and also at the output fiber
with the same length but without twist. The measurements were done for high
power wavelengths of 1560, 1570, and 1580 nm. The results for these wavelengths
are presented in Figures 12–14, for 1560, 1570, and 1580 nm, respectively. For these
results, it can be seen that solitons at the output of twisted fiber present a high grade
of polarization at least when the input polarization has circular polarization, for the
angle of QWR1 of about 50°. We can use Eq. (11) to calculate that about 90% of
output power is in the same circular polarization as in the output and only about
10% in the orthogonal polarization. With this technique used, we can measure the
averaged polarization, and so if measured ellipticity is close to 0, it does not imply
that solitons have linear polarization, it just means that powers of all solitons in the
selected spectral range in both circularly polarized components are equal. For the
case of the fibers without twist, the polarization is chaotic. It can be seen that for the
wavelengths of 1570 and 1580 nm, where the measured ellipticity is very close to 0
[17]. There are no physical reasons for the linear polarization at any input polariza-
tion; so we can think that the polarization ellipticity of solitons most probably is
random.
The slope of the dependencies of the output ellipticity on the input at the input
ellipticity equal to 0 is equal to 1.9 for wavelengths 1570 and 1580 nm and 0.9 for
1560 nm. The fact that the slope is higher than in 1570 and 1580 nm can show that
the output ellipticity tends to be higher than the input ellipticity. The ellipticity of the
highest soliton generated in the process of pulse breakup at different noise imposed
on the pulse was also calculated. The equations and the procedure described before
were used [7]. The equations are taken into account the difference of group velocity
of orthogonal circularly polarized components and vectorial nature of the Raman
Figure 10.
The ellipticity at the output of the 218-m fiber: squares—on 25-cm cylinder and circles—on the 50-cm cylinder.
10
Nonlinear Optics ‐ Novel Results in Theory and Applications
Figure 11.
The process of the pulse breakup.
Figure 12.
The ellipticity at the output of the 218-m fiber for 1560 nm: squares for the twisted fiber and circles for the fiber
without twist on the 50 cm cylinder.
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effect in the optical fiber. Like in Figure 15, we have examples of the 50 calculations
with 30 ps input pulse with 40 W of power. For the numerical calculation, the
following parameters were used: β1 = 0.2 ps/km and β2 = 25 ps
2/km. The input
polarizations were equal to 0.4 (equal to 21.8°) and 0.9 (equal to 42°). As we can see
in most of the realizations, the output ellipticity of the solitons was greater than the
ellipticity of the input pulse. For the case when input ellipticity is equal to 0.4, the
Figure 13.
The ellipticity at the output of the 218-m fiber for 1570 nm: squares for the twisted fiber and circles for the fiber
without twist on the 50 cm cylinder.
Figure 14.
The ellipticity at the output of the 218-m fiber for 1580 nm: squares for the twisted fiber and circles for the fiber
without twist on the 50-cm cylinder.
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average output ellipticity is equal to 0.54, and the case for input ellipticity is equal to
0.9, the average output ellipticity is equal to 0.95, see Figure 15 [18].
Numerical calculations were done for different input polarizations. The depen-
dence of the average output soliton ellipticity on the input ellipticity is showed in
Figure 16. The simulations corroborate the measured tendency of soliton to have
the higher ellipticity than the input pulse. Simulations show that the fluctuations of
the soliton polarization get to be smaller when the input polarization approaches to
the circular. We also made calculations for β1 = 0, that is, for ideal fiber without any
birefringence and found similar statistic for the polarization of solitons.
Figure 15.
Statistics of the ellipticity of the highest soliton.
Figure 16.
Average output polarization vs. input polarization.
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5. Conclusions
Finally, it can be concluded that the solitons generated in the nonlinear process
of pulse breakup for the special case when the twisted standard fiber is used can
present a high degree of polarization for the case when the polarization of the input
pulse is circular. The numerical calculations agree with the experimental results
show that the polarization ellipticity of solitons tends to be greater than the polari-
zation of the input pulse (for the case when the polarization of the input pulse is
circular). We can say that according to the results, this effect does not depend on
the circular birefringence, so, in this particular case, the twisted fiber plays a role of
the ideal fiber without birefringence.
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